Abstract. Semantic Measures (SMs) are of critical importance in multiple treatments relying on ontologies. However, the improvement and use of SMs are currently hampered by the lack of a dedicated theoretical framework and an extensive generic software solution. To meet these needs, this paper introduces a unified theoretical framework of graph-based SMs, from which we developed the open source Semantic Measures Library and toolkit, a solution that paves the way for design, computation and analysis of SMs. More information at dedicated website: http://www.semantic-measures-library.org.
Introduction
Numerous initiatives take advantage of ontologies to characterize entities, such as scientific publications, people or genes. To exploit such knowledge for information retrieval and knowledge discovery, inexact searches have to be performed, which require measures that are capable of assessing the degree of likeness of entities. Semantic measures (SMs) are designed for this purpose: to capture the relatedness of concepts (and by extension semantically characterized entities), by taking into account the semantic space in which they are defined. This paper explores graph-based SMs, here denoted SMs for convenience. Study of SMs involves various communities which have designed numerous measures for specific treatments and ontologies [1, 2] . However, no unifying theoretical framework has been proposed to explicitly characterize core elements of SMs through the spectrum of similarity and graph theory. Indeed, given the lack of contributions focusing on theoretical aspects of SMs, studies are often restricted to a specific community and do not benefit to a broader target audience.
Likewise, most of software dedicated to SMs are developed for particular ontologies (e.g. WordNet, UMLS, Gene Ontology, MeSH, Disease Ontology [3] [4] [5] [6] ). This diversity of software solutions has drawbacks given that SM evaluations rely exclusively on empirical studies. Therefore, the lack of an extensive software solution slows down studies of SMs as well as the sharing of new findings related to the domain. This paper proposes a unified theoretical framework and a generic software solution to mutualize efforts and advance the increasing role of SMs in numerous fields. The second section introduces the framework which defines a reduced set of abstract primitive functions that are commonly used for SM design. The third section presents the Semantic Measures Library, an extensive open source library dedicated to the computation, development and analysis of SMs.
A Unifying Theoretical Framework for Semantic Measures
Most SMs are expressed reducing an ontology to a graph , with being the set of classes represented as vertices and the set of edges representing the oriented pairwise relationships defined between two classes. is assumed to contain a taxonomical sub-graph defining a partial order on with if is a subclass of . Moreover, classical knowledge bases are composed of a collection of entities which are conceptually characterized through classes, e.g. genes annotated by concepts [1] or PubMed articles indexed by MeSH descriptors. SMs used to compare entities are extension of those designed to compare pairs of classes. We therefore focus on SMs estimating the similarity of pairs of classes, that is to say a tion . Formulas of existing measures proposed in the literature are not presented, we orient the reader to the numerous surveys for detailed presentations [1, 2] .
This section defines a unifying theoretical framework aiming to: (i) better characterize SMs at a theoretical level through the definition of the primitive abstract functions on which SMs rely, (ii) distinguish common and relevant features of SMs, (iii) analyse measures' characteristics and properties, (iv) design and optimize SMs in accordance with usage contexts. Presented results expand previous works on the characterization of SMs through abstract formulations [3, [7] [8] [9] . Their main goal was to establish links between various models of semantic similarity rather than distinguishing the primitive functions governing measures design. Our contribution focuses mainly on the definition of those primitive functions. It is therefore not constrained to a specific model of similarity (e.g. feature, information theory, geometric and transformation models).
The set of primitive functions which can be used to express most abstract formulations of SMs is:

: semantic representation of a class (denoted ̃). With a set composed of paths, classes or any subset of , we define .  ̃ : salience of the representation of a class, i.e. the amount of information carried by a semantic representation ̃, .  ( ̃ ̃) : commonalities of the pair ̃ ̃ , .  ̃ ̃ : differences of the pair ( ̃ ̃ , .  ( ̃ ̃) : amount of information defined in the semantic space, which is not found in the couple of representations ̃ ̃ , .
Once the representation of a class and the corresponding operators used to estimate the commonalities and differences are defined, some abstract functions estimating similarity can be used. For instance, the similarity can be assessed based on an abstract expression of the ratio model ( ), initially proposed by Tversky to compare semantic elements represented as sets of features [9] :
with ̃ , and two parameters defining the asymmetrical contribution of the operator .
The unifying framework is not constrained to a specific measure but rather relies on primitive functions commonly used to define SMs. As an example, numerous similarity measure expressions rely on a function estimating the amount of information carried by the representation of an element, e.g. the cardinality when compared elements are represented by sets. Such a function enables the use of the abstracted form of two general expressions unifying binary measures: Gower & Legendre and Caillez & Kuntz parameterized measures [8] . Those abstract measures, among others, can be used to derive most of SMs through specific expressions of the abstract functions on which they rely ( ) [7, 8] . To define a concrete measure, SM designers should specify the primitive functions distinguished by the framework. As an example: (i) representing a class by the set of its subclasses, ; (ii) defining the commonality classes as a function of the Information Content (IC) carried by their Most Informative Common Ancestor (MICA), ̃ ̃ ; (iii) evaluating the difference of two classes by ̃ ̃ ; (iv) setting with and equal to 1 corresponds to the measure proposed by Pirró & Euzenat [3] .
Research on SMs is driven by a cycle consisting of three aspects: theoretical studies, software development and empirical studies. Another important aspect for SM studies is therefore to provide ways to take advantage of theoretical contributions through software solutions.
The Semantic Measures Library
The Semantic Measures Library (SML) is a generic software solution dedicated to SM computation, analysis and development. By generic, we mean that the SML can be used to take advantage of SMs on a wide range of semantic graphs. Following the abstraction layers defined in the previous section, a large collection of SMs has been implemented. Moreover, thanks to the code base available (e.g. graph algorithms), new measures can easily be designed and evaluated. The SML is written in JAVA and open-sourced under the GPL-compatible CeCILL licence. In addition, the SMLToolkit enables non-developers to benefit from functionalities provided by the SML through command-line interfaces. Documentation, tutorials and downloads of both the SML and the toolkit are available at http://www.semantic-measures-library.org.
Conclusion
This paper defines a unifying theoretical framework for SMs. By underlining close relationships between measures, we distinguish the primitive functions required for their design. Besides facilitating the definition of countless new measures, this new insight allows us to study SMs which are grouped in accordance with the expressions of the abstract functions they rely on. This leads us to draw interesting perspectives regarding the theoretical studies of SMs.
To address the handicapping lack of a generic, extensive and efficient software solutions dedicated to SMs, we developed the open source Semantic Measures Library (SML) and associated toolkit. The SML, both highly tuneable and not limited to a particular semantic graph, is suited for diverse application contexts. Downloads and documentation are available at http://www.semantic-measures-library.org.
